Human endoplasmic reticulum aminopeptidase 1 (ERAP1) is one of two ER luminal aminopeptidases that participate in the final processing of peptide precursors and generates the N-termini of the MHC class I-restricted epitopes. In order to investigate the interactions of its binding site with substrate peptides, X-ray crystallographic analyses have been carried out to study structures of ERAP1 regulatory (ERAP1_R) domain in complex with antigenic peptides. Single-chain bimodular constructs with various antigenic peptides linked to the C-terminal end of ERAP1_R domain are designed to facilitate crystallization process of these complexes. These recombinant proteins have been purified and crystalized, and x-ray diffraction data of one crystal have been processed to a resolution of 2.8 Å. The crystal belongs to the space group P21, with unit cell parameters a =64.2, b = 66.8, c = 66.3 Å, β = 110.2˚. A Refmac-refined omit map reveals a clear density for the antigenic peptide's carboxylate-end that is in contact with the ERAP1 regulatory domain of neighboring molecule. Thus the single-chain bimodular constructs have provided an expedited approach to study sequence-specific interactions between the ERAP1 regulatory domain and antigen peptide's C-terminal ends.
Introduction
During antigen processing in the human immune system, precursor peptides are transported into endoplasmic reticulum (ER) via transporter associated with antigen processing (TAP). ERAP1 then cleaves N terminal extended residues of the precursors inside the ER to generate mature antigens [1] [2] . These mature antigens are subsequently passed on to major histocompatibility complex class I (MHC1) proteins for presentation on the cell surface in order for cytotoxic (CD8+) T cells to recognize [3] . However, due to the size and shape of the binding pockets, MHC1 proteins have a length-restriction on mature antigen to be 8 to 10 residues [4] [5] . Therefore, precursor peptides need to be precisely trimmed by ERAP1 before they can be loaded onto MHC1 molecules for cell surveillance.
ERAP1 has both length and residue preference for the substrates [6] . Its catalytic activity is triggered by a unique allosteric mechanism, dubbed molecular ruler mechanism that controls the substrate length and inspects the nature of the C-terminal amino acid 9 -16 residues away from the N-terminal catalytic site [3] . The length preference of ERAP1 corresponds to the lengths of N-extended antigenic precursors transported by TAP. According to this molecular ruler mechanism, it can accommodate peptides with 9 to 16 amino acid long and preferably with a hydrophobic C-terminal residue. In addition, other studies reveal that the internal sequence of substrate peptides also affects the trimming efficiency of ERAP1 [7] . Crystal structures of ERAP1 show that there is likely a conformational change from open form to closed form, which is associated with substrate binding and activation of catalytic site [6] [8] . Open form of ERAP1 is presumed to be inactive without a substrate. Binding of substrate to the regulatory site (binding groove) is proposed to convert ERAP1 to a closed form, in which the N-terminal residue of the substrate is cleaved at the catalytic site [9] . Due to the length preference of ERAP1, it precisely cleaves the N-extended peptides to eight or nine residues, while further trimmings slow down or cease completely [3] . In this way, it produces epitopes with optimal length that are presented by most MHC1 molecules. Thus, the substrate specificity of ERAP1 is of great immunological importance, considering its influence on the selectivity of peptides for trimming and therefore their availability for MHC1 presentation.
We previously reported a structure of ERAP1 regulatory domain (aa 529 -941) in complex with a carboxyl-terminal hexa-histidine tag [9] . It reveals the binding mechanism of ERAP1 regulatory domain and explains how ERAP1 can monitor the substrate length at substrate's C-terminus that is located about 30 Å away from the N-terminal catalytic site.
Taking advantage of the complex formation between the ERAP1 regulatory domain (ERAP1_R) and the C-terminal His tag during crystallization, we have designed single-chain constructs to facilitate purification and crystallization of ERAP1_R/peptide complexes. To this end, the His 6 tag at the C-terminus of the ERAP1_R in the previous construct is replaced with peptide sequences derived from the C-terminal ends of a few natural antigens. The new recombinant proteins have been purified, and crystals are obtained. Preliminary crystallographic analyses suggest that new antigen-tagged proteins form the same crystal form, suggesting the same inter-molecular contacts in the crystals that will allow high-resolution crystallographic studies of sequence-specific interactions between the ERAP1 regulatory domain and antigen peptide's C-terminal ends.
Materials and Methods

Protein Expression and Purification
Baculovirus vectors carrying inserts encoding for ERAP1 regulatory domain (ERAP1_R) with various peptide sequences at C-terminal ends ( Table 1) were constructed with a N-terminal hexa-histidine tag according to the protocols of the manufacturer (Invitrogen). The presence of ERAP1 protein and the integrity of the purified recombinant bacmid DNA were verified by PCR and sequencing. To express the protein, the bacmid DNA was transfected into Sf9 insect cells according to the manufacturer's protocols. The protein was expressed by adding the P3 recombinant viral stock into Sf9 insect cells with an MOI of 0.8 pfu/cell, and harvested 54 hours after infection. Protein expression was confirmed by western blot using primary antibody against the hexa-histidine tag. Cell pellet was re-suspended in 50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl and 10 mM imidazole, and lysed by freeze-thaw cycles and sonication. The supernatant was loaded onto a Ni-NTA column and washed several times with 50 mM sodium phosphate buffer, pH 8.0, containing 300 mM NaCl, and 10 -30 mM imidazole. The protein was then eluted with 50 mM sodium phosphate buffer, pH 8.0, containing 300 mM NaCl, and 400 mM imidazole. Glycerol was added to the eluted solution to a final concentration of 16% (v/v), and then the concen-trated protein was further purified through a Superdex 200 gel filtration column (Amersham Pharmacia) by FPLC system with a buffer containing 10 mM Tris, pH 7.5, 10 mM NaCl. A single peak for ERAP1_R domain was collected and the protein was concentrated to 5 mg/ml for crystallization.
Crystallization
Hanging-drop vapor diffusion technique was used for initial crystallization screening at 4˚C ( Table 2) . Micro-seeding method was used to improve crystal quality. The best looking crystal was formed above a well solution containing 100 mM Tris, pH 8.5 and 16% PEG8000 at 4˚C in 7 days.
Diffraction Data Collection and Processing
For data collection, the crystal was cryoprotected in solution containing 100 mM Tris-HCl buffer (pH 8.0) and 30% glycerol. X-ray data were collected using the beamline X29 at National Synchrotron Light Source (NSLS) -Brookhaven. The data were processed with the Mosflm29 and the CCP4 suite30.
Results and Discussion
Various peptides with 6 -10 different amino acids were designed ( Table 1) based on a few natural antigenic peptide sequences: an ovalbumin epitope SIINFEKL (underlined sequence is included in one construct, [3] ), a HSP-86 epitope RRIKEIVKKH [10] , a HSP-90 epitope AEDKENYKKF [11] , and an optimized substrate sequence based on library screening LVAFKARKF [7] . In addition, one construct contains a poly-Aalanine linker, AAAAFKARKF-COOH, was designed to test length flexibility during crystallization to form intermolecular peptide/ERAP1_R complex. These peptide sequences were added to the C terminal end of ERAP1 regulatory domain ERAP1_R.
All the recombinant proteins with different antigenic peptides were successfully expressed in insect cells and the expression yield was optimized and analyzed by western blot. After Ni-NTA affinity chromatography, protein elution fractions were collected and concentrated for size exclusion chromatography. Based on Superdex 200 gel filtration standard, peak fractions around the elution volume of 15 ml was collected and further concentrated up to 5 mg/ml with at least 95% purity as analyzed by SDS PAGE (Figure 1) .
After initial screening by hanging drop vapor diffusion method, usable crystals were obtained and micro-seeding techniques were applied to improve the quality of crystals. The crystals used for data collection grew into a rock shape 7 days after micro-seeding (Figure 2) . And the crystals of ERAP1_R-IINFEKL complex share a similar crystal shape and crystallization conditions with that of ERAP1_R-His 6 recombinant protein. Detailed comparisons of crystallization conditions for the two constructs are summarized in Table 2 . 10 mM Tris, pH 7.5, 10 mM NaCl 100 mM Tris, pH 8.5 and 8% PEG8000 2 μl, 1:1 800 10 mM Tris, pH 7.5, 10 mM NaCl 100 mM Tris, pH 8.5 and 16% PEG8000 2 μl, 1:1 800 Figure 1 . SDS PAGE analysis of recombinant ERAP1 regulatory domain (ERAP1_R) with antigenic peptide. Lane 1 is protein molecular marker (sizes labeled). Lane 2 is gel-filtration purified and concentrated ERAP1_R-IINFEKL protein (42 kDa).
Figure 2.
Crystals of ERAP1_R-IINFEKL grown in 100 mM Tris, pH 8.5 and 16% PEG8000 using hanging drop vapor diffusion method at 277 K.
Reflections beyond 2.8 Å resolution were observed on diffraction images collected at the National Synchrotron Light Source-Brookhaven (Figure 3) . A dataset was collected and processed to P2 1 space group with cell dimension a = 64.2, b = 66.8, c = 66.3 Å, β = 110.2˚. The diffraction images were processed using imosflm with an overall Rmerge of 12.5%. The detailed data collection and processing statistics are summarized in Table 3 . The comparison of ERAP1_R-IINFEKL and ERAP1_R-His 6 indicates that they share the same space group and have high similarity in unit cell dimension ( Table 4) .
Determination of the complex structure is underway by molecular replacement in CCP4 suite using ERAP1_R-His 6 as a searching model (PDB entry 3RJO). To avoid model bias, coordinates of the His 6 tag were removed in order to calculate a Refmac-refined omit map, which shows clear electron density for the antigenic peptides C-terminus (IINFEKL) in close contact with the ERAP1_R domain.
Conclusion
Multiple single-chain bimodular constructs have been designed to study proteolytic mechanism of ERAP1. Recombinant proteins of these bimodular constructs have been purified and crystallized by hanging drop vapor diffusion method. These crystals belong to space group P2 1 , with unit cell parameters a =64.2, b = 66.8, c = 66.3 Å, β = 110.2˚. In the crystals, the ERAP1 regulatory domain forms an intermolecular complex with the engineered antigenic peptide. These single-chain bimodular constructs will thus facilitate high-resolution crystallographic studies on sequence-specific interactions between the ERAP1 regulatory domain and antigen peptide's C-terminal ends.
